Although it has been found that plant endo--Nacetylglucosaminidase shows strong activity towards denatured glycoproteins and glycopeptides with highmannose type N-glycans and free high-mannose type Nglycans bearing the chitobiosyl unit, the endogenous substrates for plant endoglycosidase have not yet been identified. Recently we purified and characterized an endo--N-acetylglucosaminidase from rice culture cells and identified the gene encoded (Maeda, M., and Kimura, Y., Trends Glycosci. Glycotech., 17, 205-214 (2005)). Furthermore, we found structural features of free N-glycans in the cells, indicating that high-mannose type species (Man 9-5 GlcNAc 1 ) occur at concentration of several micromolar (M). Hence, in this study we analyzed glycoform of N-glycans linked to glycoproteins expressed in rice culture cells to see whether endogenous glycoproteinous substrate occurs in reasonable amounts. Structural analysis revealed that more than 95% of total N-glycans linked to glycoproteins in the rice cells had the plant complex type structure, including Lewis a epitope-harboring type, although high-mannose type structures account for less than 5% of total N-glycans.
Free N-glycans have been found ubiquitously in developing plant cells such as seedlings and growing fruits [1] [2] [3] [4] [5] [6] [7] [8] and an auxin-like activity has been postulated for them. 9, 10) In previous reports, [4] [5] [6] [7] [8] we found that free N-glycans occur ubiquitously at micromolar concentrations (mM) in developing and growing plant cells. In most cases, the high-mannose type free N-glycans have one GlcNAc reside, while the plant complex type free Nglycans usually bear the chitobiosyl unit, suggesting that the former oligosaccharides must be released from endo--N-acetylglucosaminidase (endo--GlcNAc-ase) and the latter oligosaccharide must be released from peptide: N-glycanase (PNGase). In plant cells analyzed so far, the concentration of high-mannose type free N-glycans (Man 9-5 GlcNAc 1 ) always reaches dozens of times that of the plant complex type free glycans. Based on these observations, we postulated that endo--GlcNAc-ase and the resulting free N-glycans must play critical roles in plant growth or development. As part of studies to elucidate the physiological functions of such free Nglycans in plant cell growth and development, we identified structural features of free N-glycans in several plant cells and functional features of the plant endo--GlcNAc-ases. Furthermore, recently we identified the gene of rice endo--GlcNAc-ase and expressed the endoglycosidase gene in E. coli. 11, 12) Rice endo--GlcNAc-ase was very active towards high-mannose type N-glycans having the Man1-2Man1-3Man1-unit. 11, 12) Among such high-mannose type N-glycans, M8A, M7A, and M6B structures were excellent substrates, while M9A and M8C were less effective substrates, suggesting that the branching mode of 1-2 mannosyl reside might influence the enzyme actions, 11, 12) but the endogenous substrates of plant endoglycosidase remain to be understood. In this study, * This work was supported in part by grants from the Ministry of Education, Culture, Sports, Science and Technology of Japan (Basic Research C, no. 17580300), and the Okayama University COE program ''Establishment of Plant Health Science.'' y To whom correspondence should be addressed. Fax: +81-86-251-8296; E-mail: yosh8mar@cc.okayama-u.ac.jp Abbreviations: PA-, pyridylamino; RP-HPLC, reverse-phase HPLC; SF-HPLC, size-fractionation HPLC; ESI-MS, electrospray ionization mass spectrometry; MS/MS, tandem mass; endo--GlcNAc-ase, endo--N-acetylglucosaminidase; Hex, hexose; Pen, pentose; deoxyHex, deoxy hexose; HexNAc, N-acetyl hexosamine; M3FX, Man1-6(Man1-3)(Xyl1-2)Man1-4GlcNAc1-4(Fuc1-3)GlcNAc-PA; GNM3FX, GlcNAc1-2Man1-
therefore, we analyzed structural features of N-glycans linked to total glycoproteins expressed in rice culture cells to see whether glycoproteins bear high-mannose type N-glycans in reasonable amounts, which might account for the amount of high-mannose type free Nglycans. The results obtained in this study indicate that plant complex type N-glycans make up more than 95% of total N-glycans from glycoproteins expressed in rice cells, while high-mannose type N-glycans make up less than 5%.
These results suggest that the endogenous substrate might be unfolded glycoproteins or glycopeptides having high-mannose type N-glycans produced in the ERassociated degradation (ERAD) system.
Materials and Methods
Materials. Rice k-1 cell line established from Oryza sativa L. cv. Nipponbare were kind gift of Professor S. Kasamo (Research Institute for Bioresources, Okayama University). An Asahipak NH2P-50 column (0:46 Â 25 cm) was purchased from Showa Denko (Tokyo), and a Shiseido Capcell Pak C18 MG (1:0 Â 25 cm) from Shiseido (Tokyo). Authentic PA-sugar chains were prepared as described in our previous papers. [13] [14] [15] Mannosidase (jack bean) was purchased from Sigma (St. Louis, MO, USA), and actinase E from Kaken Seiyaku (Tokyo). -1,2-Mannosidase was from Seikagaku Kogyo (Tokyo). -N-Acetylglucosaminidase (Diplococcus pneumonia) was purchased from Boehringer (Mannheim, Germany). 1-3/4 Specific -fucosidase (Streptomyces sp. 142) and Lacto-N-biosidase (Streptomyces sp. 142) were purchased from Takara (Kyoto, Japan).
Preparation of glycoproteins from rice culture cells. After rice culture cell suspension was filtrated, rice culture cells (76 g) on filter paper were disrupted with a Teflon homogenizer (60 rpm, 10 strokes) in 160 ml of 50 mM Tris-HCl buffer (pH 8.6) containing 0.2 M NaCl at 4 C. The resulting homogenate was dialyzed against deionized water (5-liter) to remove free oligosaccharides and small molecular glycopeptides. The dialysate was centrifuged at 8,000 rpm for 20 min to separate the soluble fraction from the cell wall fraction. The resulting supernatant was collected as soluble fraction and the precipitate was collected as a cell-wall fraction. Each fraction was digested with Actinase E (150 mg) in 0.2 M Tris-HCl buffer (pH 8.6) at 37 C for 3 days. After dialysis against deionized water (5-liter), the outer solution was concentrated in vacuo and put on Sephadex G-50 column (2:0 Â 180 cm) in 0.1 M NH 4 OH. The glycopeptides were detected by the Phenol-H 2 SO 4 method 16) and the sugar positive fractions were concentrated and lyophilized.
Preparation of pyridylaminated N-glycans from rice culture cell glycoproteins. N-glycans were released by hydrazinolysis (100 C, 10 h) from the glycopeptides.
After N-acetylation of the hydrazinolysate with saturated sodium bicarbonate and acetic anhydride, the acetylated hydrazinolysate was desalted with Dowex 50 Â 2 resin and a Sephadex G-10 column (2:5 Â 30 cm) in 0.1 M NH 4 OH. The oligosaccharides were pyridylaminated and the resulting pyridylaminated oligosaccharides were partially purified by the method of Natsuka and Hase.
17)
Purification of pyridylaminated N-glycans. The PAderivatives obtained by gel-filtration were evaporated to dryness. The resulting residue was dissolved in desalted water (100 ml) and separated by HPLC on a Jasco 880-PU HPLC apparatus equipped with a Jasco 821-FP Intelligent Spectrofluorometer (excitation 310 nm, emission 380 nm), using a Shiseido Capcell Pak C18 MG column (1:0 Â 25 cm). The PA-sugar chains were eluted by increasing the acetonitrile concentration in 0.02% TFA linearly from 0 to 7% for 60 min at a flow rate 2.0 ml/min. As shown in Fig. 1 , N-glycan-containing fractions, indicated by a horizontal bar (elution time: 35-60 min), were pooled and evaporated to dryness. Since it has been found that almost all N-glycans linked to plant glycoproteins are eluted after M3FX on RP-HPLC, [13] [14] [15] [18] [19] [20] the pooled fractions indicated by the bars were used for further structural analysis of Nglycans. After the pooled fractions were concentrated to dryness in vacuo, the resulting residue was dissolved in 20 mM Tris-HCl buffer, pH 7.8, containing 0.1 M NaCl, 5 mM CaCl 2 , and 5 mM MgCl 2 (5 ml), and put on a Con A-Sepharose 4B column (2:0 Â 25 cm) equilibrated with the same buffer. As shown in Fig. 2 , non-adsorbed PAsugar chains (Con A (À)) were washed out with 200 ml of the same buffer, and the Con A-adsorbed (Con A (þ)) PA-sugar chains were eluted by the addition of 0.3 M metyl--D-mannoside. The PA-sugar chains in each fraction were monitored with a fluorescence spectrophotometer (excitation 310 nm, emission 400 nm, Hitachi 650 10S Spectrofluorometer). Each fraction was concentrated and desalted by gel-filtration through a Sephadex G-25 Fine column (2:5 Â 32 cm) in 0.1 M NH 4 OH. The PA-derivatives obtained were further separated by SF-HPLC on a Jasco 880-PU HPLC apparatus equipped with a Jasco 821-FP Intelligent Spectrofluorometer (excitation 310 nm, emission 380 nm), using a Shodex Asahipak NH2P-50 column (0:46 Â 25 cm). The PA-sugar chains were eluted by increasing the water content in the water-acetonitrile mixture from 26 to 50% linearly for 40 min at a flow rate of 0.7 ml/min.
Electrospray ionization (ESI) mass spectrometry. ESI-MS and MS/MS analyses of PA-oligosaccharides were done as described in our previous reports, 18, 19) using a Perkin Elmer Sciex API-III triple-quadrupole mass spectrometer with an atmospheric-pressure ionization ion source. For MS/MS analysis, the collisionally activated dissociation (CAD) spectrum was measured with argon as the collision gas. The collision energy was 60-100 eV. Scanning was done at a step size of 0.5 Da, and the spectrum was recorded from m=z 200.
Glycosidase digestion. Digestion of PA-sugar chains with jack bean -mannosidase, Aspergillus -1,2-mannosidase, diplococcal -N-acetylglucosaminidase, -1,3/4-fucosidase, and Lacto-N-biosidase were done using about 200 pmol of PA-sugar chains under the conditions described in previous reports. 14, 15) The reactions were stopped by boiling the mixtures for 3 min. After centrifugation at 15,000 rpm for 10 min, the resulting glycosidase-digests were analyzed by SF-HPLC using an Asahipak NH2P-50 column. In the case of analysis of glycosidase digests, the PA-sugar chains were eluted by increasing the water content in the wateracetonitrile mixture from 26 to 50% linearly for 40 min at a flow rate of 0.7 ml/min.
Results and Discussion

ESI-MS analysis and glycosidase digestion of PAsugar chains from the Con A (À) fractions
The Con A (À) fractions containing plant complextype N-glycans were further purified by SF-HPLC. As shown in Fig. 3 I A and B , five PA-sugar chains (peak a, peak b, peak c, peak d, and peak e) were obtained from soluble and cell wall fraction by SF-HPLC. The elution positions of all PA-sugar chains on SF-HPLC coincided with those of authentic PA-sugar chains: peak a with that of (
þ ) (data not shown). Although the signal intensity of peak d on the MS spectrum was not strong, a relevant signal was observed at m=z 1002.5 [ðM þ 2NaÞ 2þ ], suggesting that this PAsugar chain consists of (Hex) 4 (HexNAc) 3 (Deoxyhex) 2 -(Pen) 1 (HexNAc-PA) or Gal 1 Fuc 1 GlcNAc 2 Man 3 Xyl 1 -Fuc 1 GlcNAc 2 -PA. On the other hand, molecular mass of peak e could not be estimated wih the ESI-MS spectrometer due to the small quantity of the sample.
To confirm the deduced structures described above, these five PA-sugar chains from the soluble and cell wall fractions were subjected to glycosidase digestion analysis. Since glycosidase digestion of PA-sugar chains obtained from the soluble and the cell wall fractions showed the same results, the analysis of sugar chains from the soluble fraction are described below. When a mixture of the five N-glycans was treated with diplococcal -N-acetylglucosaminidase, as shown in Fig. 5A , both peak b and peak c were converted to peak a (Man 3 Xyl 1 Fuc 1 GlcNAc 2 -PA, M3FX), and peak d gave a new peak, suggesting that peak b, peak c and peak d bear 1-2GlcNAc residue(s) at the non-reducing end. On the other hand, peak e was not digested by this exoglycosidase, suggesting that GlcNAc residues might be replaced by other sugar molecules. Since 2D-sugar chain mapping analysis 17) and ESI-MS suggested that peaks d and peak e might harbor Lewis a epitopes like N-glycans linked to Jun a1 and Cry j1, two major cedar pollen allergens, 15, 20) these sugar chains were treated with a mixture of 1-3/4 fucosidase and lacto Nbiosidase to confirm the occurrence of the Lewis a epitope unit (Gal1-3(Fuc1-4)GlcNAc1-). As shown in Fig. 5 II C and D, the product obtained from peak d by enzymatic digestion coincided with GlcNAc 1 Man 3 -Xyl 1 Fuc 1 GlcNAc 2 -PA, indicating that one Lewis a unit was removed. Similarly, when peak e was treated with the mixture of -fucosidase and lacto N-biosidase, it was converted to Man 3 Xyl 1 Fuc 1 GlcNAc 2 -PA (M3FX), releasing two Lewis a units by the mixture of the two enzymes ( Fig. 5 II E and F) .
Glycosidase digestion of PA-sugar chains from Con A (þ) fractions
As shown in Fig. 6 , five PA-sugar chains (peak f, peak g, peak h, peak i and peak j) were obtained from the cell wall fraction by SF-HPLC. The elution position of peak f coincided with that of Man 5 GlcNAc 2 -PA, peak-g with that of Man 6 GlcNAc 2 -PA, peak h with that of Man 7 GlcNAc 2 -PA, peak i with that of Man 8 -GlcNAc 2 -PA, and peak j with that of Man 9 GlcNAc 2 -PA on SF-HPLC. For these high-mannose type Nglycans, ESI-MS analysis could not be done due to very small quantities, hence, the structures of these N-glycans were analyzed by exoglycosidase digestion. As shown in Fig. 6B , peak g, peak h, peak i, and peak j were converted to peak f (Man 5 GlcNAc 2 -PA) by 1-2 mannosidase digestion, and the product was further converted to Man 1 GlcNAc 2 -PA by jack bean -mannosidase diges- tion (Fig. 6C ). Comparing Con A (þ) PA-sugar chains from the soluble fraction with those from the cell wall fraction, the amounts of the former were much smaller ( Fig. 3 II A) , but almost the same results were obtained by -mannosidase digestion, suggesting that the structural features of Con A (þ) sugar chains linked to glycoproteins in soluble and cell wall fractions are very similar to each other.
Structural features of N-glycans of rice culture cells glycoproteins
As a part of our study to clarify the endogenous substrate(s) for plant endo--N-acetylglucosaminidase, we analyzed the structures of N-glycans linked to total glycoproteins in the rice cells. Since we have already purified and characterized an endo--GlcNAc-ase from rice cells and identified the gene encoding the endoglycosidase, we used rice culture cells in this study. As shown in Scheme 1 and Table 1 . This structural feature of N-glycans of rice glycoproteins in the culture cells basically agreed with that of N-glycans of glycoproteins in rice seeds and leaves (predominance of complex type structure). 21) Among total N-glycans linked to glycoproteins expressed in the rice culture cells, more than 95% of rice N-glycans bore plant complex type structures containing 1-3 fucosyl and 1-2 xylosyl residues, which cannot be substrates for rice endo--GlcNAc-ase. On the contrary, high mannose-type N-glycans accounted for less than 5% of total N-glycans expressed in the rice cells, suggesting that sufficient amount of mature glycoproteins bearing high-mannose type N-glycans does not occur as endogenous substrates. In other words, the mature glycoproteins, which have been processed in the ER or Golgi apparatus, might not be endogenous substrates for rice endo--GlcNAc-ase. Therefore, it is reasonable to assume that the endogenous substrates might be unfolded glycoproteins or glycopeptides with high-mannose type N-glycans in the ERAD system. Although high-mannose type free N-glycans with the chitobiosyl unit produced by plant PNGase might be a candidate for the endogenous substrates, no plant PNGase that has optimum pH in the neutral region and works in the cytosol has no been found so far. [22] [23] [24] [25] [26] [27] These observations suggest that plant PNGase as well as many plant hydrolases reside in the acidic environments such as the vacuole or cell wall. Although it is wellknown that many plant glycosidases having the optimum activity in acidic region are localized in the vacuole, it has been found that some plant glycosidases reside in the cell wall as well, 28, 29) suggesting that we should consider the possibility that plant PNGase is localized in the cell wall to participate in degradation of cell wall glycoproteins. Considering these observations, we assumed that PNGase-derived high-mannose type free Nglycans with the chitobiosyl unit might not be endogenous substrates for rice endo--GlcNAc-ase working in the cytosol. To confirm whether glycopeptides bearing high-mannose type N-glycans occur in the soluble fraction (cytosol fraction) as endogenous substrates for rice endoglycosidase, structural analysis of Nglycans linked to glycopeptides in the rice culture cells is in progress.
